This paper aims to fabricate novel electronic paper technology with electrochemical reaction. Particularly, electrochemiluminescence (ECL) is promising phenomenon for fabrication of a unique light emitting device. We also demonstrated a novel display device with dual reflective and emissive modes by combining both electrochromic (EC) and ECL materials in a single cell. The device functions as an EC cell in the reflective mode, and as an ECL cell in the emissive mode.
Introduction
Present display devices are classified into two categories: reflective mode and emissive mode. The reflective-mode displays such as printed material and electronic paper (EP) have a high visibility under daylight condition, but are useless in dark places. Although the other emissive-mode displays such as plasma display panels (PDPs) and organic light-emitting diodes (OLEDs) can be seen images clearly in a dark room, these have difficulty in seeing some image under direct sunlight.
In addition, reflective displays are driven by lower energy consumption than emissive displays. Therefore, dual-mode display (DMD) is desired to exploit both advantages. The DMD has both reflective and emissive display mechanisms, and we can choose either as the situation demands. However, it is difficult to realize DMD because it must possess two display mechanisms in the same device. In the past, there were only a few reports about DMD using many different display mechanisms.
However, those reported DMDs had complex structure and driving system. This paper aims to fabricate novel electronic paper technology with electrochemcal reaction. We demonstrated electrochemiluminescence (ECL) for novel light emitting device, and for emissive mode of DMD. DMD with dual reflective and emissive modes was also demonstrated by combining both electrochromic (EC) [1] [2] [3] [4] [5] [6] [7] and ECL materials in a simple cell. Our DMD device functions as an EC cell in the reflective mode, and as an ECL cell in the emissive mode. EC and ECL are known as electrochemical reaction exhibiting coloration and emission respectively, and are applicable to a new imaging device. In order to apply both EC and ECL into a novel imaging device, we invented DMD based on electrochemical mechanism. As the results, we successfully observed both EC reaction and ECL reaction in a simple cell. A perfluorinated polyanion (Flemion, given by Asahi Glass) was also used without further purification.
The ECL solution was prepared by dissolving 10 mM Ru(bpy) 3( PF 6 ) 2 and 100 mM TBAP in PC.
To obtain the gel electrolyte, 1 g of the liquid electrolyte which contains 100 mM TBAP in DMSO was mixed with an appropriate amount of PVB and the resulting mixture was allowed to stand for a week [9] .
The ECL solution were placed between a pair of ITO electrodes, keeping the interelectrode distance at 70 µm with a spacer, to prepare the ECL cells.
PET and polyisocyanate were dissolved in THF in the ratio -OH:-NCO = 1:2. To prepare a PET film as the EC layer, an ITO glass electrode was spin-coated with a 10 wt% PET solution and then heated at 100 °C for 1 h to promote a cross-linking reaction.
To prepare an electrode modified by the Ru(bpy) 3 2+ , a Flemion-coated ITO glass electrode was soaked in 10 mM Ru(bpy) 3 Cl 2 aqueous solution for 12 h.
The modified electrode-based DMD cell was fabricated by sandwiching a gel electrolyte between a modified with PET film and a modified with Ru(bpy) 3 2+ film, keeping the interelectrode distance at 300 µm by using a Teflon spacer.
AC and DC voltages were applied to the cells with a function generator ( Iwatsu SG-4115). The ECL optical spectra were me a s ure d wit h a ph ot oni c mu lti cha nn el analyzer (Hamamatsu PMA C10027). Absorption spectra were recorded in situ by using a diode array detection system (Ocean Optics USB2000) during the potential sweep. All experiments were conducted at the ambient laboratory temperature (20-25 °C).
Results and Discussion

AC-operated ECL
ECL is a light emission phenomenon induced by electrochemical redox reactions [10] [11] [12] .
The ECL mechanism for Ru(bpy) 3 2+ is represented as follows [13] : We have focused on this ECL reaction to fabricate novel light emitting devices. However, ECL devices generally exhibit slow turn-on responses and insufficient emission intensity since they usually operate on direct current (DC) [14] [15] [16] . The redox species must diffuse from each electrode to the center of the reaction layer, in order for them to collide with each other [ Figure 1(a) ].
Owing to the relatively slow diffusion of redox species in electrolyte solution the responsivity of ECL devices is not suited for practical use. In addition, the diffusioncontrolled reactions (1) and (2) result in low current of ECL devices and its weak light emission.
We propose a simple method of improving diffusion anode Ru(bpy) 3 the emission properties of an ECL device. The method is based on using an alternating current (AC) to operate the device [8, 17, 18] . During an AC cycle, oxidized and reduced species are generated at the same electrode surface because the bias polarity reversibly switches between anode and cathode, resulting in the efficient ECL generation without long-distance diffusion of the relevant species [ Figure 1(b) ]. Therefore, we expect the AC-ECL brings in quick turn-on response of the devices. Because the AC-ECL system is not diffusioncontrolled, the improvement of the ECL intensity is also promising. We compared the performance of the AC-driven ECL cell with that of the DC-driven cell.
The emission spectra obtained from the ECL cell under the application of 4 V DC (black line) and 4 V, 50 Hz AC (red line) are shown in Figure 2 . Each ECL cell showed red-orange emission ( Figure  2 inset), a nd thes e ECL b ands with an e mi s s i o n p ea k at 620 n m w e r e al mo s t i d e n t i c a l t o t h e p h o t o l u m i n e s c e n c e o f Ru(bpy) 3 2 + . The luminance of DC-and AC-ECL cells were 1.4 and 56.4 cd/m 2 , respectively; the AC-ECL cell showed 40 times higher emission intensity than that of the DC-ECL cell, despite the same applied voltage of 4 V. We also measured the turn-on response time of AC-and DC-ECL cells (Figure 3 ). Under the application of 4 V, 50 Hz AC, the maximum emission was observed within 15 ms after turn-on. On the other hand, a longer time of 0.5 s is required for light to be emitted from the DC-ECL cell after applying 4 V DC.
Furthermore, it takes over 1 s (ca. 1.5 s) to reach the maximum emission. This indicates that the AC-ECL cell showed 100 times faster turn-on response than the DC-ECL cell. As a result, these properties of the ECL cell can be dramatically improved by using the proposed AC method.
Novel DMD cell based on EC and ECL I n o r d e r t o a c h i e v e t h e d u a l -m o d e operation with a simple single cell, we
focused on the electrochemical reactions that can lead to EC for reflective display [9, [19] [20] [21] [22] [23] a n d E C L f o r e m i s s i v e d i s p l a y.
We successfully invented a novel DMD cell with reflective and emissive modes by combining both EC and ECL mechanisms in a simple cell as schematically represented in Figure 4 [24, 25] . That is, EC material was coated on one electrode as the reflective layer and ECL material was prepared on the other electrode as the emissive layer. This DMD cell was fabricated by sandwiching an electrolyte layer between these modified electrodes. The reflective mode is driven by DC voltage (Figure 4a ). Under the application of DC voltage, the color change of the EC material occurs by the oxidative or reductive reaction in the reflective layer. In contrast, emission by the ECL material does not occur because only cation radicals or anion radicals, not both, are generated in the emissive layer. Therefore, the reflective mode must be operated by applying DC voltage. Conversely, the emissive mode can be achieved by applying AC voltage (Figure 4b ). When AC voltage is applied, the emission by the ECL material occurs by generation of both cation radicals and anion radicals in the emissive layer. Meanwhile, no detectable color change should occur in the reflective layer because reactions of oxidation and reduction occur in rapid succession. As a result, by application of AC voltage we can produce emission alone. Accordingly, we can realize both the reflective mode of EC and the emissive mode of ECL by selecting the operation method as the situation demands.
T h e D M D c e l l w a s f a b r i c a t e d b y sandwiching PVB-based gel electrolyte (50 mM TBAP/DMSO) between a pair of cell.
On the other hand, ECL was not observed because oxidation reaction of Ru(bpy) 3 2+ occurred in the ECL layer. In this way, we were able to obtain only reflective mode by applying DC voltage.
Next, we tried to demonstrate emissive mode by applying AC voltage. AC voltage of 4 V at 50 Hz was applied to the DMD cell to obtain the emission( Figure 5, red line) . The photograph of the cell [ Figure 6 (c)] clearly indicated the generation of AC-ECL from Ru(bpy) 3 2+ . This is because both oxidation and reduction reactions of Ru(bpy) 3 2+ occur alternately by applying AC voltage.
Also in the EC layer, both reduction reaction from neutral to anion radical state and oxidation reaction from anion radical to neutral state occur as with ECL layer.
In other words, PET film repeated color change between colorless and magenta color quickly. The time of half cycle at 50 Hz is mere 0.01 sec. Enough reduction reaction for detectable color change did not occur during mere 0.01 sec because of the slow response time of EC reaction. Therefore, we could not recognize color change of DMD cell by naked eye before and after applying AC voltage. Thus we could obtain only emission of ECL by applying AC voltage. As seen from the above results, we demonstrated that invented DMD cell was effective for dual-mode driving.
Conclusion
AC-operated ECL was used as the key reaction for fabrication of a unique light emitting device and a novel DMD. AC-driven ECL cell was demonstrated for comparison with the DC-ECL cell.
All properties of the cell were dramatically improved by using the AC method. The AC-ECL cell showed the luminance of 56.4 cd/m 2 and turn-on response of ca. 15 ms under the application of 4 V, 50 Hz AC. In addition, a novel DMD using EC and ECL was demonstrated. The modified electrodebased DMD cell consists of a gel electrolyte sandwiched between two electrodes modified with an EC material and an ECL material, respectively. The DMD cells achieved both reflective-and emissive-mode representation by the application of DC and AC voltage, respectively. Our novel DMD mechanism is expected to enable a novel imaging device.
